A SMALL PORTABLE ELECTRONIC DEVICE, named a blood electrometer (BEM), was developed to measure packed cell volume, which can be related to haematocrit (Hct). The electronic circuitry is simple and constructed from standard components. Being battery powered, the device is suitable for bedside or field use ('point-of-care-testing') without specialized training. The effects of temperature, anticoagulants, lipid content, electrode type and different BEM electronic circuits on measurement accuracy were evaluated. A method for calibrating the instrument with a sodium chloride calibrator was also devised and evaluated for measurement accuracy. The response of the BEM to Hct is non-linear; a binomial regression function was used to fit the non-linear response to provide accurate Hct values from BEM readings over a wide range of measurements. The BEM response curve is sensitive to the anticoagulant type used, but specific binomial functions reduce error to between -3.1% and +3.3% Hct units. Lipids do not significantly affect BEM readings, even at high concentrations of 9.8 mmol/l. We conclude that the BEM can be relied on for acceptably accurate Hct measurements under a variety of conditions, and can be used for the indirect determination of packed cell volume.
Introduction
Haematocrit (Hct) is an important parameter in the management of critically ill post-operative patients. 1 The current opinion and experience is that an Hct of approximately 30% is optimal for these patients. Although the microcentrifugal (microfuge) method reliably and directly measures packed cell volume (or Hct), it is impractical for 'point-of-care-testing' (POCT) scenarios. 2 The electroconductivity measurement and microfuge methods have recently been compared when monitoring rehydration in patients with cholera. 3 There is a need for a robust, self-powered, portable, rapid and reliable POCT method to determine packed cell volume.
Other similar devices have been developed, [9] [10] [11] [12] some being complex. In addition to Hct, they also measure sodium, potassium, chloride, urea and glucose. 12 Capital and operating costs are unacceptably high for use in primary health care and technical skill is required. Our blood electrometer (BEM), on the other hand, is cheaper, portable and user-friendly. The shortcomings of another similar device were published. [9] [10] [11] [12] Factors including sample temperature, influence of anticoagulants, and the availability of calibration methods, were raised as matters requiring attention.
We describe the construction and operational characteristics of our BEM in terms of sample temperature, different anticoagulants and lipid concentration. The shortcomings mentioned above were addressed in the refinement of the device. A calibrator was also developed to permit field calibration of the instrument.
Materials and methods

Operation
Low-frequency alternating current (~650-700 Hz) flows predominantly through the plasma of the sample, since the cell membranes act as insulators under these conditions. The measured electrical conductance of the sample can therefore be correlated with intercellular plasma void space, and can thus be used to determine Hct.
Each blood sample (minimum 2 ml) is collected into an evacuated dry 5-ml lithium heparinized (Li-heparin) tube. Duplicate samples are drawn from the same source where required for comparisons of methods. For immediate measurements after venepuncture, the blood is mixed with the anticoagulant by tilting the tube about ten times. The tube is then decapped and inserted in the sample holder of the cell. Alternatively, the heparinized samples are left for 10 min to reach room temperature before measurements are taken. The BEM cell electrodes are immersed in each sample, and a BEM reading taken, from which the Hct value can be obtained. After successive measurements, the electrodes are cleaned and stored by immersing them in a tube filled with 0.9% NaCl solution.
The cell of the BEM consists of a glass tube fitted into a cell holder, which contains a bipolar cardiac pacing lead that serves as an electrode pair (Fig. 1 ). These sensor electrodes are spaced 1 cm apart, are not assigned any polarity, as an alternating voltage is applied across them. Current magnitude is related to the sample conductivity. This sample signal is processed by the electronic circuitry to give a nominal reading on a millivoltmeter, these values being used in the determination of Hct.
The electronics and cell of our device resemble those in conductivity equipment commonly used in routine water quality analysis. In both instances, errors from electrode polarization are eliminated by use of an alternating electrical field. Details of the construction and operation of the electronics of our instrument are available in Fig. A 
Evaluation of NaCl calibrator
BEM measurements may be influenced by variations in ambient and sample temperature, and each time a new electrode was installed. A NaCl solution of 49.3 mmol/l was used as a calibrator solution. Sodium chloride was drawn from a 0.9% NaCl solution intravenous infusion bag (SABAX, Johannesburg) and diluted appropriately with distilled water. The BEM was checked against the NaCl calibrator solution before each analysis by adjustment of the potentiometer provided for this purpose. A BEM reading of 435 mV at a standard temperature of 21°C recorded by the reference circuit (see online information) was used as a reference value. The influence of different electrodes and different temperatures was assessed, taking measurements with three different electrodes on blood at a fixed temperature (21°C) with widely ranging microfuge Hct values. The same blood sample was also measured at 12, 21 and 29°C with the BEM, using the same electrodes and the same NaCl calibrator at the temperature of the relevant sample.
Effect of other factors on measurement response
Temperature. The BEM measures conductivity and readings are consequently influenced by sample temperature. Blood electrometer readings were taken after blood samples with microfuge-determined haematocrits of 71, 62, 52.5, 43, 35, 25.5 and 17.5% Hct units were incubated at temperatures of 20, 25, 30, 35 and 40°C , for five minutes. The temperature of one sample in a series was monitored with a thermometer to confirm temperature stability for all samples. A temperature compensation table was compiled from the data. This is needed to allow for any differences in sample temperature should the NaCl calibrator solution be unavailable.
Anticoagulants. The effect of different anticoagulants such as Li-heparin, EDTA-K3 and K-oxalate/Na-fluoride (commercially available vacuum tubes, VAC-U-TESTR, Radem Medical, South Africa), ACD-A (Baxter, Toronto, Canada), r-hirudin (Behringwerke, Hoechst, Germany) and Na-citrate (Saarchem, South Africa) on the BEM measurement was evaluated. Where the required formulations were commercially unavailable, 10 ml siliconized glass tubes were filled with the required amount of anticoagulant: 1.5 ml ACD-A, 1 ml of 3.2% Na-citrate, and 2 mg r-hirudin. In total, 360 ml blood from the same person was used. Although unavoidable, additional liquid may, in the case of ACD-A and Na-citrate, introduce sample dilution with resulting error. Tubes were filled with blood to give a total volume of 10 ml, with six tubes per anticoagulant. Red cell and plasma fractions of the various anticoagulants were separated by centrifugation of the samples, removing the supernatant plasma, then pooled red cells, and then the plasma fractions. Red cells and plasma were mixed in ratios that gave ten 5-ml blood samples of each anticoagulant group with microfuge Hct values ranging between zero and 74% Hct. Microfuge Hct values were compared with BEM-derived Hct values for each anticoagulant group. Blood electrometer Hct values were calculated from experimental measurements using the binomial function, executed by a computer program (Graph Pad Prism, Graph Pad Software, U.S.A.). The binomial function for heparinized blood, as well as the separate functions applied to each anticoagulant group, were used to calculate BEM Hct values. All measurements were performed at room temperature (approximately 24°C) using the same electrode. The BEM was calibrated with the NaCl reference solution before analysing the sample solutions for each anticoagulant group.
Lipids. Appropriate volumes of a 20% solution of Intralipid (Fresenius Kabi, South Africa) were added to a plasma pool to mimic varying degrees of lipaemia. The above experiment was repeated on fresh whole blood samples obtained from four volunteers. After separation of the red cell and plasma fractions of the blood sample by centrifuge at 1500 × g for 10 min, Intralipid was added to the plasma fractions. Plasma was then re-combined with the red cells, to give a final Hct value of 47 units. Four BEM readings were made on each sample of the series, per blood donor. Serum triglyceride concentrations were measured for each sample on a Technicon Dax 48 analyser (Bayer-Diagnostics, Johannesburg) to give an index of lipaemia.
Statistical analysis. All data were tested for normal distribution using the ShapiroWilk test. 15 Paired analysis (95% confidence intervals for mean difference) was used to measure differences in electrode and circuit response. Least squares linear regression analysis was used to describe the relationship between variables. In some cases, such as the response of the BEM to whole blood, a non-linear least squares binomial regression was used. Confidence interval analyses at P = 0.05 were used to determine differences between independent means and for paired differences. Accuracy of measurement was calculated as the limits of agreement according to Bland and Altman. 16 
Results and discussion
All data are available as supplementary online material as tables and graphs at www.sajs.co.za, as follows: 
Evaluation of BEM components
Electronic circuits. The mean of four BEM measurements per resistor, and the paired differences between circuit 1 (reference circuit) and the other circuits are given in Table 1 . All data, except the BEM measurements between circuits 1 and 5, were normally distributed. The percentage coefficient of variation (CV%) between the four BEM measurements per resistor was acceptably small (<0.2%) for all five circuits. Paired differences between circuits 1 and 3 as well as circuits 1 and 4, however, were statistically significant (95% CI [13.15; 0.65] and [0.59; -2.79], respectively). The largest difference (12.5 mV) was between circuits 1 and 3. This equates to +2.01% Hct units, calculated for reference Hct. One could compensate for these differences by calibration to the standard BEM circuit. The responses of the BEM circuits were curvilinear.
Electrodes. The mean of four BEM measurements for each electrode pair was directly related to the NaCl concentration (Fig. C) . We calculated the paired differ-ences between electrodes 1 and the four other electrodes of BEM measurements at different NaCl concentrations.
The response of the various electrodes was non-linear and variable. The CV% between the four BEM per NaCl concentration was small (<0.2%) for all four electrodes. Paired differences between BEM measurements, and between electrodes 1 and the other electrodes, were statistically significant (95% CI Table 2 .
Evaluation of NaCl calibrator
The limits of agreement between the microfuge and BEM Hct measurements at different temperatures after calibration with a standard NaCl solution are given in Table 3 . Blood Hct values were derived from BEM values by means of a binomial function, fitting microfuge Hct and BEM results, as shown in Fig. B . Figure C shows the differences between actual microcentrifugal Hct values of blood and the Hct values derived from BEM measurements, according to the binomial fit plotted against the mean of derived and microfuged Hct. 16 It is a scatterplot that gives an indication of the accuracy of BEM-derived Hct readings over a fairly wide range of actual microfuge Hct values. A NaCl calibrator was used to compenstae for the influence of variations in sample temperature on BEM Hct measurements. There is no obvious trend of over-or underestimation, and no BEM Hct values differed by more than 1.5 units from microfuge values.
Effect of other factors on measurement response
Temperature. The BEM readings correlated closely with temperature ( Fig. D Figure E shows the differences in response when BEM Hct values were derived from the original binomial fit obtained for Li-heparin. The response difference was especially evident when K-oxalate was used. Although the other anticoagulants (Na-citrate, EDTA-K3, ACD-A) did not appear to have had a major effect on the BEM response to Hct, the accuracy was nevertheless compromised. This was seen in the wide limits of agreement, which varied between -0.3 for 9.8% Hct and -5.8 for 19.9% Hct (lower and upper limits). Limits of agreement were small when separate functions for each anticoagulant group had been used to derive BEM Hct.
Although the slopes for r-hirudin and Li-heparin were almost the same, derived Hct values for r-hirudin were almost 4.0% Hct units higher. The slope of K-oxalate differed the greatest from Li-heparin (Fig. E) .
Lipids. Lipids caused an increase in derived Hct values from lipid concentrations of 13.7 mmol/l and greater. Figure F  ( and Table 6 online) shows the relationship between calculated BEM Hct values of plasma/-and blood/Intralipid dilutions. The effect of Intralipid on both plasma/-and blood/Intralipid dilutions was the same when triglyceride concentrations were less than 13.7 mmol/l. The effect on blood/Intralipid dilutions was smaller at higher triglyceride concentrations.
Concluding remarks
Measurement of haematocrit by the microhaematocrit method in untrained hands in clinics or nursing units carries the risk of inaccuracies, as the line distinguishing the level of packed cells can blur with time and makes interpretation difficult. 2 Although the electroconductance method has been evaluated to monitor rehydration in Peruvian cholera patients, 3 this technique is tedious and time-consuming. Treatment with intravenous drips is usual for these patients, and the BEM could be of value to monitor their state of hydration.
The use in the BEM of a commercially available bipolar pacing lead, together with a disposable glass tube as the cell, has certain advantages. These components are easy to replace and pre-calibrate. Distilled water is used to keep the electrode clean. Although relatively large volumes of blood (minimum of 2 ml) are required to obtain a BEM reading, smaller tubes could be selected for paediatric use. By inserting the electrode into the plunger of a syringe, it should be usable with the BEM as a sterile inline detector to determine packed cell volume during anaesthesia. 4 The blood can then be re-infused in the patient. Fixed microelectrodes in glass tubes have been described. 13, 17 These components are fragile, expensive and difficult to replace. A special technique is needed to keep such electrodes clean from contamination by fibrin. 12 In the development and refinement of any instrument for near-patient testing, due consideration must be given to any factors that may influence its accuracy. At the same time, a practical means for calibration must be sought that will sustain accuracy under field or near-patient testing conditions. The main factors that can affect BEM readings have been inherent technical differences in BEM circuitry and electrodes, temperature, the shape of the response curve, the type of anticoagulant used, and the presence of (non-conductive) lipids in the plasma. The need for a control to be used in the field has recently been identified as a primary problem that needs to be addressed in the use of electronic packed cell volume measuring devices. 9 Virtually no difference was observed between the mean values of different BEM readings obtained using each resistor. In contrast, the response of the different electrodes to various saline concentrations was more variable (Fig. C) . The electrodes are identified as likely contributors to variable results from our BEM equipment. All electrodes should be calibrated against the reference Hct method to ensure BEM readings of acceptable accuracy.
BEM readings correlated highly at each of the different Hct values with changes in sample temperature (Fig. D) . Changes in temperature did not alter the slope (F = 0.0003) of the BEM response (Fig. D) . Temperature compensation will also differ where blood samples have different microfuge Hct values. It is possible to compensate electronically for variations in ambient temperature. 9, 13 This feature was not suitable for our BEM because it would necessitate an impractical time delay between venepuncture and experimental measurement, unless the temper-ature probe and electrodes were both in the sample chamber. These additional features will add to the capital costs, placing the equipment out of reach of low-cost point-of-care operators such as clinics. The effect of temperature variation can be effectively controlled by using our NaCl calibrator.
Small measurement differences were observed between the microfuge and BEM methods when Hct results of the two techniques were compared after calibration with NaCl at the temperature of the BEM reading (Fig. C) . This indicates that the BEM can be effectively calibrated to correct for the various factors affecting its accuracy, namely different electrodes and temperature.
Anticoagulants have an influence on Hct measurements in systems that use conductivity. 9, 12 Our study confirms that different anticoagulants in the blood sample alter the measurement response of our BEM. Our results also show that certain anticoagulants (Na-fluoride/ K-oxalate) can grossly distort the BEM response, to the extent that errors can be as high as 31% Hct units. Mathematical correction brings the limits of agreement to between -3.1% and 3.3% Hct units, which is within the clinically acceptable error of 5% units. 18 We advocate that only one anticoagulant type be used, for reasons of simplicity and practicality (such as EDTA-K3 or Li-heparin) and the appropriate table or plot be used for determining % Hct values. This reduces the chances of procedure error, especially in field settings. An appropriate table for BEM to Hct conversions can be compiled (for each instrument) at standard room temperature before the equipment is put into service. The underlying reasons for the effects of anticoagulants on the conductivity of blood are not yet clearly understood, despite various explanations having been proposed. [19] [20] [21] A statistically significant change in the BEM reading was observed when the triglyceride concentration in plasma exceeded 9.8 mmol/l (Fig. F) . High lipid concentrations (<13.7 mmol/l) in blood samples do not influence BEM readings as much as high plasma lipid concentrations (Fig. F) . We suggest that it is due to an interactive effect between the membranes of red cells and lipids. The remaining free lipids are insufficient to affect BEM measurements. Blood drawn from a line contaminated by the use of an Intralipid drip may affect BEM readings due to high blood Intralipid concentration.
We conclude that the influence of lipids on BEM readings is negligible, but adaptations are necessary if different anticoagulants are used. We provide a calibrator solution which is easy to use, and allows for accurate BEM measurements under diverse conditions. The BEM equipment is a useful and accurate portable device for the determination of blood Hct in circumstances where standard laboratory instruments are unavailable, or where Hct needs to be continously monitored on a real-time basis. The BEM could thus conceivably be used for POCT. Special training in the use of the BEM is not necessary.
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